We previously showed that paternal high-fat diet (HFD) consumption programs ␤-cell dysfunction in female rat offspring, together with transcriptome alterations in islets. Here we investigated the retroperitoneal white adipose tissue (RpWAT) transcriptome using gene and pathway enrichment and pathway analysis to determine whether commonly affected network topologies exist between these two metabolically related tissues. In RpWAT, 5108 genes were differentially expressed due to a paternal HFD; the top 5 significantly enriched networks identified by pathway analysis in offspring of HFD fathers compared with those of fathers fed control diet were: mitochondrial and cellular response to stress, telomerase signaling, cell death and survival, cell cycle, cellular growth and proliferation, and cancer. A total of 187 adipose olfactory receptor genes were down-regulated. Interrogation against the islet transcriptome identified specific gene networks and pathways, including olfactory receptor genes that were similarly affected in both tissues (411 common genes, P<0.05). In particular, we highlight a common molecular network, cell cycle and cancer, with the same hub gene, Myc, suggesting early onset developmental changes that persist, shared responses to programmed systemic factors, or crosstalk between tissues. Thus, paternal HFD consumption triggers unique gene signatures, consistent with premature aging and chronic degenerative disorders, in both RpWAT and pancreatic islets of daughters
Obesity leads to widespread systemic disease, reduces quality of life, and shortens life expectancy. Combined results of 57 prospective studies involving 894,576 participants in Western Europe and North America show that moderate obesity [body mass index (BMI): 30 -35 kg/m 2 ] and morbid obesity (BMI: 40 -50 kg/m 2 ) reduce life span by 2-3 yr and 8 -10 yr, respectively, the latter being comparable to the lifelong effect of smoking (1) .
Childhood obesity is closely linked with obesity in either parent (2) , and obese children tend to become obese adults, forming an intergenerational cycle that may promote escalation of the obesity epidemic. While the transmission of obesity across generations can reflect genetic influences, shared environmental factors, such as diet and lifestyle, are also critical. When present in early life, those environmental factors can also lead to long-lasting modification of the epigenome, altering gene transcription and phenotype longer term (3, 4) . Furthermore, there is increasing evidence that environmentally or phenotypically induced changes or marks in the parent can signal to, or persist, in the next generation (4) . Such nongenetic signals and pathways are increasingly implicated as a means for intergenerational transmission of disease. To date, maternal obesity and type 2 diabetes (T2D), as well as gestational diabetes, are known to program early onset obesity and T2D in offspring and the direct role of a mother's diet in contributing to these sequelae is also well established (5) . An unexpected role of the father's metabolic status, diet, and other exposures in contributing to altered metabolic and other phenotypes in offspring has also recently emerged (6 -9) . We found that paternal consumption of high-fat diet (HFD), which induced paternal obesity and diabetes, impaired glucose tolerance in young adult female rat offspring, due to impaired insulin secretion (8) . This early onset paternally induced defect in insulin secretion in daughters reflected a combination of depleted ␤-cell reserve, together with intrinsic ␤-cell defects. Altered DNA methylation of a key islet gene, Il13ra2, was found concomitantly in these F1 daughters of HFD-fed fathers, implicating epigenetic alterations in the consequences of paternal metabolic dysfunction for daughters (8) . These offspring tended to be lighter as neonates, with normal adiposity as adults. The pancreatic islet transcriptomics of these F1 daughters showed fatty acid synthesis, fatty acid degradation, and prostaglandin synthesis regulation among the enriched Gene Ontology (GO) terms; similarly, pathway analysis revealed lipid metabolism, molecular transport, and small molecule biochemistry as among the top scoring molecular networks affected in islets of female offspring of HFD-fed fathers (8) . In another study in mice, a paternal HFD was shown to induce metabolic derangements, together with obesity, in offspring as they age (10) . Using a low-protein diet in mice, Carone et al. (9) showed that exposed fathers produced offspring with reduced hepatic cholesterol ester levels and altered hepatic expression of genes involved in lipid and cholesterol biosynthesis. Together, these data suggest that lipid metabolism and related metabolic pathways in offspring are broadly susceptible across a range of tissues to changes in paternal diet. Whether a perturbed paternal diet may directly affect gene transcription/ expression regulation in their adipose tissue, and the extent of these effects, have not been previously explored. We therefore investigated the consequences of paternal HFD on the retroperitoneal white adipose tissue (Rp-WAT) transcriptome of their female rat offspring.
We utilized network-based analysis to determine gene modules represented among the altered transcriptome of the RpWAT of F1 females of fathers consuming an HFD; we also explored possible shared gene networks and pathways between RpWAT and pancreatic islets. Network-based approaches can reveal concordant patterns of change in expression of functionally connected genes and their implications for phenotype in response to environmental factors (11, 12) and have been recently applied to the field of developmental programming to uncover the underlying mechanistic basis of intergenerational transmission of disease risk (13) . These systematic analyses take into account epistatic interactions between or within genes, which are often averaged out in statistical association models (14, 15) . Epistatic interactions impose a substantial effect on the complex genotype-phenotype relationship (16, 17) and are increasingly recognized as an important contributing factor to missing heritability or other influences (18, 19) . Our analysis reveals that paternal diet-induced obesity induces common molecular phenotypes in RpWAT and islet tissues in female rat offspring.
MATERIALS AND METHODS

Animal experiments
As described previously, male Sprague-Dawley rats were fed HFD for 11 wk before mating with females consuming control diet (8) . Females consumed regular chow before mating and throughout gestation and lactation. Offspring were weaned at 21 d onto control diet and were killed at 14 wk of age after overnight food withdrawal. Here female offspring from 7 control and 6 HFD fathers are included; 1 animal/litter was used in analysis. This protocol was approved by the Animal Care and Ethics Committee, University of New South Wales.
Adipose mRNA
Total mRNA was extracted from RpWAT using a miRNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. RNA concentration and purity were assessed spectrophotometrically (BioSpec-nano; Shimadzu, Kyoto, Japan), and integrity was ascertained by RNA integrity number (RIN; Agilent, Santa Clara, CA, USA). RNAs with RIN Ͼ 7.5 were selected for transcriptomics and quantitative RT-PCR.
Whole-genome fat mRNA analysis
Total RNA from RpWAT fat (100 ng) was labeled and hybridized onto Affymetrix Rat GeneChip Gene 1.0 ST arrays (Affymetrix, Santa Clara, CA, USA; nϭ7, 6 control and HFD, respectively), according to the manufacturer's instructions, at the Ramaciotti Centre for Genomics (University of New South Wales). Affymetrix data were processed using the standard approach described in the Affymetrix I GeneChip Expression Analysis Technical Manual 2006 (20) . This dataset is deposited on the Gene Expression Omnibus (GEO) database (U.S. National Center for Biotechnology Information, Bethesda, MD, USA; http://www.ncbi.nlm.nih.gov/geo), accession numbers GSE33551 and GSE33564.
Robust multiarray averaging (RMA) was used for background correction; this adjusts for probe intensities for a number of properties such as fragment length, GC content, and sequence allele position (21, 22) . Next, RMA normalized data (nϭ13) were subjected to 1-way ANOVA to examine differential gene expression between HFD and control (Partek Genomics Suite 6.5; Partek, Inc., St. Louis, MO, USA). Partek has summarization algorithms to compile the data of a probe set to a transcript, yielding a single number that represents a central tendency for that probe set. In this instance, we used median polish summarization, which is a commonly used summarization algorithm for Affymetrix probesets for arrays of this size (detailed in Bioconductor:
https://stat.ethz.ch/pipermail/bioconductor/2003-September/002498.html).
Gene lists were generated based on an unadjusted value of P Ͻ 0.05 for pathway and gene enrichment analyses, whereby significant differentially expressed genes, based on GO terms (23) Quantitative RT-PCR was used to validate selected genes from the transcriptome (Supplemental Fig. S1 ), based on biological relevance and fold change in expression (Ͼ15%) observed on array. The directionality of gene expression changes of 9 of 11 genes agreed across the two platforms (rϭ0.68).
System-scale analysis: molecular network generation
We generated molecular networks for RpWAT using Ingenuity Pathwork Analysis (IPA; Ingenuity Systems, Inc., Redwood, CA, USA, http://www.ingenuity.com) based on the fold change of differentially expressed genes at P Ͻ 0.05, with stringent criteria applied. The threshold for the number of networks and eligible molecules per network was limited to 25 and 35, respectively. Networks were algorithmically generated based on their connectivity and ranked by score (negative exponent of the right-tailed Fisher's exact test). Molecules are represented as nodes and the biological relationship between 2 nodes as an edge (line). Nodes are displayed using various shapes that represent the functional class of the gene product, whereas edges describe the nature of the relationship between the nodes, as defined in IPA. Significant canonical pathways were first generated using Fisher's exact test with P Ͻ 0.05, followed by Benjamini-Hochberg multiple testing correction.
RESULTS
Retroperitoneal adipose mRNA gene expression
In RpWAT of female offspring (F1) who were born to fathers consuming HFD, 5108 genes were differentially expressed compared with control (PϽ0.05 unadjusted). Pathway enrichment analysis based on KEGG (24) showed that these genes mapped to categories that included olfactory transduction (KEGG pathway 129), nucleotide excision repair (KEGG pathway 212), homologous recombination (KEGG pathway 238), ubiquitin-mediated proteolysis (KEGG pathway 77), and regulation of autophagy (KEGG pathway 182), with an enrichment value of P Ͻ 0.05 ( Table 1) . Further GO enrichment analysis with DAVID (23, 25) showed significantly enriched GO biological process terms belonging to mitochondria (enrichment score 7.9), response to DNA damage and repair, and cellular response to stress (enrichment score 6.4), mitochondrial lumen and matrix (enrichment score 4.2), and detection of chemical stimulus involved in sensory perception (enrichment score 4.2), in the RpWAT gene signatures of offspring whose fathers consumed an HFD. Of note, we observed that 387 of 5108 (7.6%) differentially expressed RpWAT genes in offspring of HFD fathers belong to the olfactory receptor (Olr) gene family, and all were down-regulated compared with the controls (Supplemental Table S1 ).
A molecular pathways analysis of differentially expressed RpWAT genes was performed using IPA. The top networks include cellular growth and proliferation [networks 1 ( Fig. 1 ) and 4 and 5 (Fig. 2A) ; Table 2 ], cancer and cell cycle [networks 2 ( Fig. 3A ) and 4; Table  2 ], and cell death and survival [networks 3 ( Fig. 2B ) and 5 ( Fig. 2A) ; Table 2 ]. In RpWAT network 1 ( Fig. 1) , 26s proteasome, extracellular-signal-regulated kinase (ERK), and mechanistic target of rapamycin (mTOR) are important hub genes; while P38 mitogen-activated protein kinase (MAPK) is the hub gene of network 4 (Table 2) , and phosphatidylinositide 3-kinase (PI3K) complex/protein kinase B (Akt), ERK1, and c-Jun Nterminal kinase (Jnk) are key genes in network 5 ( Fig.  2A) . The important hub gene for network 2 is myelocytomatosis (Myc; Fig. 3A ) while protein kinase C (Pkc) is the key hub gene of network 3 (Fig. 2B) Table S2 ).
Further network analysis performed using IPA showed that the top molecular networks identified as modulated in islets of offspring from HFD fathers included lipid metabolism, cell cycle, cancer and metabolic disease, cell-to-cell signaling and interaction, and nervous system development and function (data not shown). Furthermore, we identified a common network affected in both tissues with the same hub gene, Myc, in RpWAT and pancreatic islets in female offspring of HFD fathers (Fig. 3A, B) .
Significantly differentially expressed genes in both fat and islet tissues
Pathway enrichment analysis was carried out on differentially expressed genes that appeared in both RpWAT and islet (411 genes, PϽ0.05); olfactory transduction is again the most significantly enriched pathway (Pϭ 0.0003, Table 1 ). Of the 33/411 (8.0%) Olr genes, with the exception of Olr48, Olr84, and Olr464, all were down-regulated in both tissues in offspring of HFD fathers (Table 3) , with greater fold change documented in RpWAT compared with islets (Mann-Whitney U test, PϽ0.0001).
DISCUSSION
Here we show for the first time that a paternal HFD substantially alters the RpWAT transcriptome of F1 female offspring and in a coordinated fashion, identifying a number of underlying cellular processes and signaling pathways that are affected. First, the expression of genes belonging to mitochondrial and cellular response to stress, telomerase signaling, cell death and survival, cell cycle, cellular growth and proliferation, and cancer in RpWAT in young female offspring is altered by paternal HFD consumption. Second, paternal HFD down-regulated genes within the olfactory transduction pathway in both RpWAT and pancreatic islets in daughters. Finally, we also observed significant overlap of enriched genes and pathways between the two tissues studied, suggesting early onset developmental changes before differentiation of primary germ cell layers that persist, shared responses to programmed systemic factors, or crosstalk between these tissues. We also highlight a novel finding that paternal HFD downregulates many Olr genes in these tissues, suggesting that nutrient sensing might be another important mechanism targeted by intergenerational transmission of effects of HFD. Our findings in terms of the enriched genes and related pathways affected suggest that mitochondria and oxidative stress may play pivotal roles in altering key cellular events within the RpWAT and pancreatic islets in daughters of HFD fathers (Fig. 4) . Mitochondria are the primary organelle whereby metabolism of macronutrient and energy production occurs and reactive oxygen species (ROS) are generated as by-products Table 2 ). The network incorporates molecules involved in post-translational modification, cellular growth and proliferation, and tumor morphology. This includes the key hub genes 26s proteasome, mTOR, and Erk. Molecules are represented as nodes, the biological relationship between 2 nodes is represented as an edge (line), and changed expression is represented as up-regulation (green) or down-regulation (red). Solid line indicates direct interaction; dashed line indicates indirect interaction. A, activation; E, expression (includes metabolism/synthesis for chemicals); L, proteolysis; P, phosphorylation/dephosphorylation; PD, protein-DNA binding; PP, protein-protein binding; RB, regulation of binding.
of respiratory chain reactions (26 -28) . Oxidative stress results in increased DNA damage and cell death. A paternal HFD appears to increase this phenomenon in daughters, whereby several molecular networks and pathways downstream to ROS are shown to be enriched in both RpWAT and islet tissues (Fig. 4) .
Our network-based analysis revealed that telomerase signaling is the top canonical pathway affected in the Table 2 ). The network incorporates molecules involved in cell death and survival, cellular development, and cellular growth and proliferation. This includes key hub genes Erk, PI3K complex, and Jnk. B) Molecular network 3 of differentially expressed RpWAT ( Table 2) . The network incorporates molecules involved in cell death and survival, cellular development, and hematological system development and function. This includes key hub gene Pkc. Molecules are represented as nodes, the biological relationship between 2 nodes is represented as an edge (line), and changed expression is represented as up-regulation (green) or down-regulation (red). Solid line indicates direct interaction; dashed line indicates indirect interaction.
RpWAT of offspring of HFD fathers (Fig. 4) . Reports from in vitro somatic cell culture studies showed that exposure to oxidative stress enhances shortening of telomeres (29) , the repetitive DNA sequences found at the ends of eukaryotic chromosomes that play critical roles in maintaining genomic integrity (30) . Telomeres shorten with aging and short telomeres are linked with obesity, age-related metabolic dysfunction, and cancer (29) . In our networks, significant telomerase signaling in the RpWAT transcriptome of offspring of HFD fathers is possibly attributable to a response to increased cellular stress. In addition, one of the enriched pathways in the F1 females of HFD fathers is homologous recombination, which is part of the DNA repair component of the telomere homeostasis pathway (ref. 30 and Fig. 4 ). Our system-based analyses also showed enriched terms belonging to mismatch repair and nucleotide excision repair, which together with the above findings, suggest increased DNA damage and possible telomere shortening. telomere dysfunction is closely linked to perturbation of Wnt/␤-catenin signaling pathway, which, in turn, regulates organism development and cell proliferation and differentiation (31) . Of note, Wnt signaling was enriched in the islet transcriptome of F1 females of HFD fathers (ref. 8 and Fig.  4 ). In line with the above, cyclin D1 and cell cycle regulation were among the top 5 canonical pathways in the RpWAT gene signatures of HFD offspring. Others have shown that ROS down-regulates cyclin D1 via ubiquitin-dependent proteasomal degradation process and results in cell cycle arrest at the G 2 phase (32). Of note, 26 proteosome, part of the ubiquitin proteolytic system, is one of the key RpWAT genes in molecular network 1.
Some of the hub genes in the RpWAT molecular networks of offspring of HFD fathers form part of signal transduction pathways, such as MAPK/ERK (33), PI3K (34) , and PKC (35) (Fig. 4) . Notably, MAPK signaling is also one of the key pathways perturbed in islets of F1 females (8) . MAPK, particularly p38 MAPK, is activated by cellular stresses and is involved in cell division and differentiation, inflammatory process, apoptosis, and autophagy and in the pathogenesis of obesity and its comorbidities, such as atherosclerosis and diabetes (36) , whereas deregulation of the ERK pathway is often linked to cancers (37) . Interestingly, Myc, a classical transcription factor, an oncogene, and part of the MAPK/ERK signaling pathway, is one of the common hub genes of molecular networks involved in cell cycle, cancer, and organ development in both RpWAT and islets of offspring of HFD fathers. Consistent with our results, an earlier report showed that in pigs, molecular pathways involving Myc were altered in liver and kidney by a grandpaternal diet enriched in methylating micro- nutrients (38) , suggesting that the Myc pathway is susceptible to dietary manipulation through the paternal lineage.
The PI3K/Akt/mTOR signaling pathway is pivotal in the regulation of cell growth, proliferation, differentiation, and apoptosis, and transcriptional deregulation of this pathway is linked with diseases such as cancer, obesity, and insulin resistance/diabetes (39, 40) . On the other hand, the Pkc-mediated signaling pathway plays critical roles in ROS-induced apoptosis in vascular smooth muscle (35) and is implicated in pathogenesis of diabetes, mediated via gluco-and lipotoxicities (41) . These findings suggest paternal HFD consumption may also impose risks of developing comorbidities of obesity and diabetes in their offspring.
While apoptosis was one of the highlights in the islet transcriptome (8), we found that autophagy, in addition to apoptosis, is also an enriched pathway in the RpWAT of daughters of HFD fathers (Fig. 4) . Autophagy is known to play important roles in differentiation of preadipocytes, which is essential in the development of obesity (42) . In addition, autophagy is implicated in the pathogenesis of T2D, where it influences glucose homeostasis by modulating responses to inflammation related to oxidative stress (43) . We observed up-regulation of many genes in RpWAT belonging to the autophagy pathway in daughters of HFD fathers. An enriched autophagy pathway implicates the presence of increased oxidative stress due to impaired glucose tolerance and such an underlying molecular event may present an emerging obesity phenotype as observed in the older female offspring of HFD-fed fathers in mice (10) .
Another highlight of this study is the unexpected finding of an association between paternal HFD exposure and the olfactory transduction pathway, with down-regulation of many Olr genes in the two tissues studied in offspring of fathers consuming HFD. This finding is in line with an earlier report from a genomewide association study that suggested a possible association between T2D with the Wnt-signaling and olfactory transduction pathways, ranked first and second in this association, respectively (44) . What is interesting is that here we observed these associations in offspring of diet-induced obese and diabetic fathers. Olfactory receptors were originally found in the central nervous system (CNS), and olfactory neurons in CNS play substantial roles in energy expenditure and glucoseinsulin interaction (45, 46) . However, increasing evidence suggests that both central and peripheral olfac- tory receptors may differentially regulate nutrient sensing and adiposity (45) (46) (47) (48) . In addition to a lean phenotype as young adults, we observed that F1 daughters of obese-diabetic fathers tended to be lighter at birth than those of control fathers (8); these findings are congruent with observations in humans whereby offspring of diabetic men were shown to have lower birth weights (49, 50) , and obese men are at risk of having smaller babies who later develop obesity (51) and those in the mice, where female offspring of HFD fathers develop obesity with increasing age (10) . Whether transcription repression of Olr genes in RpWAT and pancreatic islet in F1 daughters of HFD fathers also contributes to perturbed body weight regulation and adiposity, as well as their abnormal glucoseinsulin homeostasis, requires further study.
Some of the findings of this study are consistent with the recent report by Binder et al. (52) whereby blastocysts derived from male mice with HFD-induced obesity had retarded development and smaller placentae due to delayed cell cycle progression; the mitochondrial membrane potential of the embryo was reduced, and there was evidence of altered carbohydrate utilization. Several potential mechanisms may underpin the common gene expression changes in two tissues of offspring of HFD-fed fathers reported here. First, molecular signals in the sperm may directly or indirectly trigger early onset developmental changes before the formation of or across multiple germ layers that persist into both adult islets and adipose tissue. The nature of the signal is not known, though current evidence points to sperm-borne microRNA (10), ROS (53, 54) , or epigenetic marks, such as DNA methylation or histone modifications (3, 4, 10) . It is also conceivable that not one, but multiple, signals are transmitted that have separate and overlapping effects on embryogenesis. Taken together, these findings suggest that induction of gene changes seen in RpWAT and islet tissues of offspring in later life, brought on by paternal HFD exposure, might have occurred early in development. Transcriptome analyses of other tissues of offspring in response to a paternal HFD and at earlier stages of development would uncover this possibility. 
